AMMRC TR 79-53
|
EVALUATION OF A NEW FRACTURE TOUGHNESS MEASURING

TECHNIQUE. AND ADAPTATION OF THE TECHNIQUE TO USE
ULTRA-SMALL SPECIMENS

ADAOS5892

SEPTEMBER, 1979

Terra Tek, Inc. | @
SALT Lake City, UTAH

FinaL REPORT - CONTXCT NumBer DAAGU46-78-C-0040

APPROVED FOR PUBLIC RELEASE: DISTRIBUTION UNLIMITED.

Prepared for

ARMY MATERIALS AND MECHANICS RESEARCH CENTER
Watertown, Massachusetts 02172




4 e at—— . -~

St T S R TINE Y

-

The findings in this report are not to be construed as an official
Department of the Army position, unless so designated by other
authorized documents.

Mention of any trade names or manufacturers in this report :
shall not be construed as advertising nor as an official

indorsement or approval of such products or companies by

the United States Government,

DISPOSITION INSTRUCTIONS

Destroy this report when it is no longer needed.
Do not return it to the originator.




@ g g

e n——

f
] UNCLASSIFIED

é SGCURITV,CkQSlHCATION OF THIS PAGE (When Date Entered)

£ T READ INSTRUCTIONS

& . R / ! REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
O 4 e ‘ 2. GOVY ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER

TR-79-53 o -AoS 993
" — o .+ - . .|% TYPE OF REPORT & PERIOD COVERED
Evaluation of a New Fracture Toughness Measur- \ rs }/ 2

ing Technique, and Adaptation of the Technique 7)-‘:1“] ?p"’tjf

to Use Ultra-Small Specimens:,""wv-—-——-‘"‘ 6 FERFORMING ORG. REPORT NUMBER

Pat e

:
N 7. AUTHOR(3) 8. CONTRACT OR GRANT NUMBER(s)

= fq_;:\}\{“@;rmrkerx

-

9. PERFORMING ORGANIIATIO!& NAME AND ADDRESS 10. ::giz‘zOEﬂLKE:J‘EINTT.N MBJEESST' TASK

] Terra Tek, Inc./ D/A Project: IL162@5AH84
- 420 Wakara Way AMCMS Code: 6102105,H84 0011
o Salt Lake City, Utay 84108 ency Accession:
1 11, CONTROLLING OFFICE NAME AND AODRELS . EPO h i

Army Materials and Mechanics Research Center < 0 1 Senp - l ~79‘

Watertown, Massachusetts 02172 umeeR o Pacgss

15. SECURITY CLASS. (of this report)

14. MONITORING AGENCY NAME & ADORESS(if dilferent from Controlling Ollice)

. ~NTT
; 7 E;/L:Eijl Unclassified 5

1Se. DECL ASSIEFI CATION'DOWNGRADING

SCHEDUL

16. DISTRIBUTION STATEMENT (of thix Report) 7~ e e T poS
Cipl S AHE Y
'\j PR R .

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary and identily by block number)

Fracture Mechanics
Mechanical Tests .
Fracture Toughness (Mode I) /L
“ Test Methods ‘
¢ 4 4 20. $SYNACT (Continue on reverse side i necessary and Ideniify by block number)
Three separate investigations were undertaken to determine the applica-
A bility of the short rod fracture toughness measurement method to materials
N such as HF1 fragmentation steel, which is of particular jnterest to the
Army. In the first study, short rod fracture toughness ((R(IQ\S )measurementi
: were compared with ASTM E 399 measurements of toughness qqc{ in a number \
of metallic materials. Very good agreement was found. In the second

study, the methods of fabricating and testing ultra-small short rod speci-\\/
8

')ulr Id"

I

oD '52:";, 1473 EOITION OF 1 NOV 6815 OBSOLETE UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

399255 I




!

P

SIF]
SECURITY CLASHIFICATION OF THIS PAGE(When Dote Bniered)

Block No. 20

mens (6.35 mm diameter) were developed and used in measurements of HF1
material taken from actual shell casings. The agreement of the ultra-
small short rod measurements with the toughness as measured by pre-
cracked charpy specimens of the same material was rather poor. The
third study was made to determine the sensitivity of the short rod
toughness measurement to the size of the specimen used in the test.
Short rods of various sizes of 4340 steel and two heat treatments of
HF1 steel were tested. The specimen size independence of the 4340
steel was marginal, but it was excellent for the HF1 steel. A trend
toward an increasing scatter i"<§i§5R data with decreasing specimen
size was noted. Recommendation$ tor decreasing the data scatter and
automating the test are made. ' :

ABSTRACT

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Dete Entered)

i e

ISP N




o AT\l

'
¥
o FOREWORD
%C,
This study has been conducted by Terra Tek, Inc., Salt Lake City, Utah,
under Contract No. DAAG 46-78-C-0040 from the Army Materials and Mechanics
Research Center, Watertown, MA. Mr. F. I. Baratta served as technical mon-
itor. The advice, guidance, and participation of Mr. Baratta in this study is
much appreciated.
3
5 A
Accession For
: KTES  Goasl
DOL 143
R YRR ST U
Jinlilientiom

L s e e b el B 112 i e




TABLE OF CONTENTS

Abstract
Foreword
Table of Contents
List of Figures
List of Tables
Introduction . . . . . . . . . e e e e e e e
Short Rod Test Apparatus . . . . . . . . . . . . .. . ... ; e
Data Reduction . . . . . . . . . . ..o o0 oo
The KIc Comparison Study . . . . . . . . . . . . . ..o
Ultra-Small Short Rod Specimens . . . . . . . . . . . . . . ..
Specimen Size Effect Studies . . . . . . . . . . . . ..o
Material Description . . . . . . . . . . . . . . 0o
Data and Results . . . . . . . . . . .. o000 oL
4340 Steel . . . . . . L Lo e e e e
HF1-1 Steel . . . . . . . . . . ... L0
HF1-2 Steel . . . . . . . . . . . o000l
Discussion . . . . . . . . . .. Lo e e e e
Summary and Recommendations . . . . . . . . . . . . . ... ...

Appendix A . . . . . . . e e e e e e e e e e e e e

References . . . . . . & . v v i e e e e e e e e e e e e e e e

Page

13
15
21
21
23
23
27
29
31
35
37
41

e




e A

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

10.

11.

A-2.

LIST OF FIGURES

Short rod specimen configuration and dimensions . . . .

Schematic of the Fracjack mechanism for testing
short rod specimens . .

Fracjack designed and built to test the 12.7 mm

and the 6.35 mm diameter specimens . . . . . . . . . .

Types of load vs. mouth opening curves observed . . . .

Curve of A vs. c/c_ used in the data reduction of
short rod specimeng having the crack jump behavior

Load vs. mouth opening record of Specimen No. 7 of

the ultra-small short rod specimen study . . . . . . .

An ultra-small short rod specimen, and a second
specimen installed in the special holder for the
slotting operation .

Slotting an ultra-small specimen

Showing the location and orientation of the HF1 short

rod specimens relative to the supplied plates of

material . . . . . .. ..o e

Specimen sizes of the three materials tested in the
size effect study . . . . . .

Magnified view of two of the 6.35 mm diameter 4340
tested specimens C e e e e

Relation found between the scaled specimen diameters
and the standard deviation of the KIcSR values . . . .

. Test record with data analysis constructions for
HF1-2 Specimen No. 25-2 . . . . . . . . . . . . . . ..

Data analysis form

..........

.........

........

-----------

10

11

16

16

24

24

27

34

37
39




TABLE
TABLE

TABLE
TABLE
TABLE
TABLE
TABLE
TABLE

I1

111
Iv

VI
VII
VIII

LIST OF TABLES

Page
MECHANICAL PROPERTIES OF CHARPY SPECIMENS. . . . . . . . . . . 17
TOUGHNESS MEASUREMENTS BY PRECRACKED CHARPY AND
SHORT ROD METHODS . . . . « v v v v v v v v v e e o e s 18
CHEMICAL COMPOSITION OF SIZE EFFECT STUDY STEELS . . . . . . . 22
HEAT TREATMENTS OF SIZE EFFECT STUDY STEELS. . . . . . . . . . 22
MECHANICAL PROPERTIES OF SIZE EFFECT STUDY STEELS. . . . . . . 22
4340 SIZE EFFECT TEST RESULTS. . . . . .« . v v v o v o v .. 25
HF1-1 SIZE EFFECT TEST RESULTS . . . . . . . . . . . . . o .. 28
HF1-2 SIZE EFFECT TEST RESULTS . . . . . . . . . . . . . . .. 30

5 AT A TRRIOIN. QS YO N Y i




INTRODUCTION

Although fracture mechanics can play a very important role in military
hardware design and quality assurance, the difficulty of measuring the frac-

ture toughness of materials has hindered the use of fracture mechanics con-

siderations. The recently developed short rod method has shown the potential

for alleviating many of the former difficulties of measuring fracture tough-
ness. Therefore, the Army Materials and Mechanics Research Center has sup-
ported the further development and testing of the short rod method through a
contract with Terra Tek, Inc., where the method was first conceived. Figure 1

shows the short rod specimen configuration.

DEFINITION

8 |DIAMETER

LENGTH

INITIAL CRACK LENGTH
SLOT CHORD ANGLE
SLOT THICKNESS

RADIUS OF SLOT CUT

GRIP GROOVE OEPTH

SECTION A-A

GRIP GROOVE WIDTH

Figure 1. Short rod specimen configuration and dimensions.
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The contract specified three main tasks, one of which involved a coop-
erative interlaboratory effort to experimentally test the agreement between
fracture toughness measurements made by the short rod method and by the ASTM E
399 method.! The second task was to adapt the short rod test to use ultra-
small specimens -- only 6.35 mm dia. by 9.53 mm long (.250 in dia. by .375 in
long). Fracture toughness specimens of this size would allow inexpensive
quality control testing to be done on actual HF1 steel shell casings. The
last task involved a study of the effect of specimen size on the measured
fracture toughness.

The contract has now been successfully completed, and the details of the
effort which are given on the following pages constitute the final report. A
paper on the study in which short rod fracture toughness measurements were
compared with the ASTM method has already been written,?2 and that paper is
included as an attachment t. the final report.

The fracture toughness measurements of concern in this report are meas-
urements of the material's plane-strain critical stress intensity factor. In
keeping with ASTM usage, the symbol KIc in this paper will mean the plane-
strain critical stress intensity factor as measured by the ASTM E 399 method.
Measurements of the plane-strain critical stress intensity factor by the short

rod method will be symbolized by KIcSR'




SHORT ROD TEST APPARATUS

A1l of the 25.4 mm diameter specimens of this study were tested on the
Terra Tek Fractometer II System® which has been specifically designed for
convenience and accuracy in testing short rod specimens. The Fractometer II
uses a Fracjack specimen loading mechanism* whose principle of operation is
illustrated in Figure 2. As can be seen, the grips which open the specimen
mouth are pivoted about & point such that the grips rotate approximately the
same amount as the specimen's grip surfaces on which the grips pull. This
increases the accuracy of the test by tending te keep the line of contact
between the grip and the specimen's grip surface constant during the test.
The Fracjack further enhances the accuracy of the test by making an automatic
error compensation for any deviation in the load line which may occur either
during the test cr because of imperfect specimen grip groove fabrication.
The mechanism by which the Fracjack accomplishes the automatic compensation
for load-1ine deviation is discussed in Reference 3.

Since no apparatus existed for testing the ultra-small short rod speci-
mens of this study, a special Fracjack mechanism was designed and constructed
to test both the 12.7 mm and the 6.35 mm diameter specimens. A photograph of
the device appears in Figure 3. The rather massive design assures a very high

stiffness of the Fracjack, such that the tests can be run under controlled

displacement conditions. A high stiffness of the test machine is particularly

desirable when testing materials which exhibit a crack-tip instability in
which the crack tends to advance in a series of rapid jumps rather than

smoothly. The HF1 steel of this study is such a material. The Fracjack

¥ Patent applied for.
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Figure 3. Fracjack designed and built to test the 12.7 mm and the 6.35 mm
diameter specimens.
shown in Figure 3 has proved to be extremely stiff, and has performed ex-
tremely well in the testing of HF1 material.

The loading of the specimens is accomplished by hand-turning the knob on

top of the Fracjack. A modified Fractometer I mouth opening gage is used to

measure the mouth opening displacement of the 6.35 mm diameter specimens,
while a standard Fractometer I gage is used when testing 12.7 mm diameter
specimens.

The Fracjack of Figure 3 was designed and constructed in partial fulfili-
ment of the contract of this report, and is therefore the property of AMMRC.
As mentioned previously, the 25.4 mm diameter specimens were tested on the
Terra Tek Fractometer II test machine. A prototype Fracjack for 50.8 mm
diameter specimens, constructed by Terra Tek with in-house funding, was used
to test the four 50.8 mm diameter specimens included in one of the size effect
studies. These were the only specimens larger than 25.4 mm diameter which

were tested under the present contract.
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DATA REDUCTION

The various types of load vs. mouth opening records which have been ob-
served in short rod fracture toughness tests of many different materials are
illustrated in Figure 4. The data reduction procedures for all but the crack
Jump specimen behavior of Figure 4c are outlined in Ffeference 4. Since many
of the tests of this study had the crack jump behavior, and inasmuch as the
data reduction procedure for this type of test differs from that for the
specimens which provide a more smooth load-displacement record, the method of
obtaining the KICSR values from test records showing crack jumps will be
summarized here.

The equation for the plane-strain critical stress intensity factor for a
short rod fracture toughness test ist

K = AF/B3/2 (1)

IcSR
in which B is the specimen diameter, F is the load required to advance the
crack, and A is a function of the scaled crack length, a/B. In specimens
which produce a smooth load-“isplacement record, and which obey the principles
of linear elastic fracture mechanics (LEFM), it can be shown® that for a given
specimen.geometry, the scaled crack length is always the same at the time of
the peak load in the experiment. Therefore, for LEFM specimens of a given
geometry, the dimensionless function A always has the same value at the time
of the peak load. KICSR is thus directly proportional to the peak load, and
there is no need to measure the crack length in the test. However, in some
materials such as HF1 steel, the crack advances by large jumps instead of
smoothly. The crack seldom stops at the location corresponding to that of the
peak load in a smooth test record, and one must therefore evaluate A at the
crack length of one or more of the crack jump positions in order to calculate

KIcsR:
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UNLOADING/RELOADING
PATHS

1/
(4

MOUTH OPENING
(a)

MOUTH OPENING
(b)

mox |

LOAD \
(4 /
4 R4
MOUTH OPENING —axle- MOUTH OPENING
(c) (d)
i
Figure 4. Types of load vs. mouth opening curves observed. (a) ldeal LEFM

curve.

(b) Hysteresis
jumps.

(d) Elastic-plastic specimen response.

in unloading/reloading paths. (c) Crack . A
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For a given scaled specimen geometry, A is a single-valued function only
of the scaled crack length, a/B, independent of the specimen material. Also
for a given geometrical configuration, the scaled crack length is a single-
valued function of the specimen compliance ratio, co/c, where c_ is the ini-
tial elastic compliance before the initiation of any crack, and c is the
compliance at the crack length in question. Therefore, A can be written as a
function of the compliance ratio:

A = A(c,/c) (2)

The compliance ratio is easily obtained from the test record by dividing the
relaxation slope at the crack length in question by the slope of the initial
elastic loading path. The value of A as a function of co/c was therefore
obtained experimentally (Figure 5) and was used in the evaluation of KIcSR'
As an example, the release slopes and the initial elastic loading slope of the
record of Figure 6 were used in Figure 5 to obtain the value of A at the time
of the crack jump which occurred at the second peak in the record. The load,
F, at the second peak, together with A, defined the KIcSR value through Equa-
tion 1. Another value of KICSR could have been obtained from the same speci-
men by using the crack jump which initiated at the third peak in the test
record where the compliance ratio was .21. However, A is best-defined in the
compliance ratio range 0.60 > co/c > 0.25. Therefore, only those crack jumps
which occurred within this compliance ratio range were used in the data anal-
ysis.

The analysis procedure outlined above was used in all of the tests of HF1
material, inasmuch as this material always displayed the crack jump behavior.

A sample calculation of this type is given in Appendix A.
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Figure 5.
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COMPLIANCE RATIO, ¢p/¢c

This curve of A vs. ¢ /c is used in the data reduction of short rod
specimens hgving the crack jump behavior.
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Figure 6. Load vs. mouth opening record of Specimen No. 7 of the ultra-small
short rod specimen study.

The 4340 steel, on the other hand, always produced the more smooth load-dis-
) placement record. The 4340 data were therefore always analyzed according to
the principles outlined in Reference 4, in which a limited amount of elastic-

plastic behavior of the specimen can be accounted for such that the fracture

P 30 - 1o B LA

toughness measurement remains valid.
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THE K, . COMPARISON STUDY

Ic

This study has already been reported in a paper by L.M. Barker of Terra
Tek and F.I. Baratta of AMMRC.2 The paper is included as an attachment to
this report; therefore, the study is only briefly summarized here. The ob-
jective of the study was to compare short rod KICsR measurements with KIc's
measured according to ASTM E 399 to obtain an indication of the validity and
accuracy of the short rod measurement technique. In order to obtain com-
pletely unbiased data, the KIc measurements were made at other laboratories,

and the K values were not made known to the KICSR measuring Taboratory

Ic
(Terra Tek) until after all of the KIC and KICsR values had been reported to
AMMRC. To assure as near identical material as possible the short rod speci-
mens were machined from the tested ASTM compact specimen halves which had
already been tested by the participating laboratories.

Several steels, several aluminum alloys, and a titanium alloy were in-
cluded in the study. Five different laboratories furnished the KIc values and
the tested specimen halves, while all of the KICSR tests were done at Terra
Tek using the Fractometer II System.

The test results showed remarkaily good agreement between the KIC and
KIcSR measurements, considering the tests were done at a number of different
laboratories and used different fracture toughness measurement methods. The
KICsR values averaged 6% smaller than the ch's. However, the KIcSR values
were well clustered at the 6% low point -- the average difference from the 6%
lTow figure was * 4%. Inasmuch as the original calibration® of the short rod
specimen configuration was determined only to % 7%, and considering that the

specimen geometry and loading configuration has evolved somewhat since the

original calibration, the 6% low average is considered an excellent agreement.
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The present KIC - KICSR comparison study can be used as a re-calibration
study for the short rod specimen, particularly since it constituted a much
broader, more detailed study than the original calibration. In addition, a
recent experimental compliance calibration study® has also indicated that the
short rod calibration constant should be increased. Nevertheless, one should
be cautious in changing the calibration of the specimen. It would seem better
to remain slightly on the low side for reasons of conservatism than to over-
shoot to too high a calibration. For these reasons, it was decided to in-
crease the calibration constant for the short rod specimen by 4%. The revised

calibration was used for all of the KICSR measurements made for the other

tasks of this report.
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ULTRA-SMALL SHORT ROD SPECIMENS

The objectives of this study were to develop the techniques for preparing
and testing ultra-small short rod specimens, and to test a number of the
specimens to determine the agreement with pre-cracked charpy tests of HF1
fragmentation shell casing material. The specimen size selected was 6.35 mm
diameter by 9.53 mm long. Such a specimen is small enough to test the frac-
ture toughness at any crack orientation in certain HF1 steel shell casings of
interest to the Army.

Basically the same specimen preparation techniques as used for larger
specimens were adapted for the preparation of the ultra-small specimens. A
special specimen holder was designed and made to facilitate the cutting of the
slots with a diamond saw blade. A commercial diamond blade of 76 mm diameter
and .15 mm thickness was found satisfactory for the slotting. It produced an
approximate linear scaling of the slot thickness used in larger short rod
specimens. A photograph of an ultra-small specimen and the specimen holder
for sawing appears in Figure 7. Figure 8 shows an ultra-small specimen being
slotted by the saw.

The short rod specimens were made from the tested halves of six pre-
cracked charpy specimens furnished by AMMRC. The preparation and testing of
the precracked charpy specimens, as well as the mechanical properties meas-
urements of the HF1 material, have been described by Bruggeman and Smith.7?
Briefly, the charpy specimens were taken from the sidewalls of actual M549
projectile warheads. They were oriented longitudinally, and the precrack was
always located on the outside of the projectile with the crack propagation

direction inward. At least two such charpy specimens were tested from each
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Figure 7. An ultra-small short rod specimen, and a second speciman installed
in the special holder for the slotting operation.

Figure 8. Slotting an ultra-small specimen.
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warhead but only one of these was used to make the ultra-small short rod
specimens of this study. The mechanical properties of the material of each

charpy specimen, as reported in Ref. 7, are shown in Table I.

TABLE I - MECHANICAL PROPERTIES OF CHARPY SPECIMENS

3 AMMRC Y.S. u.7.s. ELONG. R.A.

/| Spec. No. (MPa) (MPa) (%) %)
35-4 1054 1256 9.0 23.1
4$-3 983 1267 7.0 17.0 :
55-3 1048 1219 8.5 22.3 i
75-4 1011 1299 8.5 20.5 ]
205-3 1055 1265 7.7 21.6 !
325-2 1113 1335 7.2 12.8 i

Before machining the short rod specimens, the fracture surfaces of the )
precracked charpy specimens were sawed off and saved for future reference.
The short rod specimens were then machined from the remaining material such

: that the crack orientation in the short rod would be the same as that of the

e A R -

parent precracked charpy'specimen. Two short rod specimens were prepared from
the broken halves of each charpy specimen. Inasmuch as these were the first
short rod specimens of such a small size ever prepared, the techniques of
properly sawing the slots were not yet fully developed. Consequently, some of !

the specimens had poorly centered saw-cuts, etc. This often caused poor test

performance, such as failure of the crack to follow the slots. The data from
four of the twelve specimens had to be discarded for such reasons, and some of
the data included in the study may be somewhat affected by the less-than-

perfect specimen geometries. It may be significant that Specimen No. 7, which

3 2 -17-
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was best-prepared and had the best test performance, showed the best agreement

with the precracke ' charpy test result.

The test record shown in Figure 6, which was obtained from Specimen
No. 7, is typical of the test records of this test series. At the first and
highest peak in the test, the crack initiated at the point of the chevron slot
and "popped in" a considerable distance. Immediately after the crack ar-
rested, a relaxation was performed to determine the change in compliance of

the specimen since the initial elastic loading. Upon reloading, the crack

remained almost stationary until it suddenly jumped forward again at the

TABLE IT - TOUGHNESS MEASUREMENTS BY PRECRACKED
CHARPY AND SHORT ROD METHODS

: S K oo . Dev. of .
Warhead | AMMRC Kepee | Krcpect®) | Kiepee | 3. Rod | Kiegp | Kesp{®} Kiesn (318 R cz:paﬁﬁgon(c’
Source | Spec. No- | (wps' )| (HPa vm) | Std. Dev | SPEC- ¥ | (wpa W) | (MPa ) IStd. Dev. Ic
FYinchbaugh 35-4 48.4* 48.1 10.0% 1 59.4 59.4 0.1% 13.4% +23.6%
Lot 2-8 5.1 2 59.5
42.5
Spec. 3 a7s
Flinchbaugh |  45-3 50.7% | 47.4 9.7% 3 -- 4.6 -- 7.8% - 5.9%
Lot 2-13 44.2 4 44.6
Spec. 4
Flinchbaugh {  55-3 58.1* | ua.a 9.6% 5 -- - -- -- -
Lot 2-9 50.7 B -
Spec. §
Flinchbaugh |  75-8 2.7+ | 39.0 13.4% 7 39.6 39.6 - 9.5% +1.5%
Lot 2-2 35.3 8 -
Spec. 28 ‘
Norris 208-3 56.7 | 4.9 9.8% 9 9.7 425 9.2% 16.7% -22.7%
Lot 1-3 5.1 10 25.2
Spec. 3
Norris 325-2 45,6+ | #1.2 9.9% n 38.) 36.7 5.4% 9.9% -10.9%
Lot 1-7 39.6 12 35.3
Spec. 3 38,1
Average 10.4% Average 4,9% 11.5% - 2.9%
L=

* Charpy specimen from which the two short rods were fabricated
{a) Average Kiepec

(b) Average Kicsh -
{c) Short Rod Comparison = 100 (“1csn - Kopee >//klcpcc
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second peak of Figure 6. Another relaxation was then performed to determine
the new complaince ratio, after which the specimen was reloaded to the third
and final crack jump of the test record.

The precracked charpy and short rod fracture toughness measurements,
KICPCC and KIcSR’ respectively, are compared in Table II. The charpy speci-
mens from which the short rods were fabricated are indicated in the table.
These particular charpy specimens, but not the others, were instrumented with
COD gages, and the resulting load-displacement curves were used to calculate
the KICPCC values. Bruggeman and Smith? stated that the analysis, which
followed the ASTM E399 method, always resulted in the use of the peak load of
the record to calculate KIcPCC' Therefore, they used the peak load to calcu-
late KIcPCC for the other charpy specimens also, although no load-displacement
record was made of those tests.

As mentioned previously, four of the short rod specimens (Nos. 3, 5, 6,
and 8) gave invalid test results, usually for reasons related to imperfect
specimen slotting. Thus, no KICSR values appear in Table Il for these speci-
mens. Only one value of KIcSR was obtained from each specimen because only
one crack jump occurred within the valid crack Tength region.

Table II also contains the averages and standard deviations of the KICPCC
and KICSR data, plus a column showing the standard deviation of all the tough-
ness measurements (both charpy and short rod) made on the sidewall material
of each warhead. Finally, the percent differences of the average of the
KIcSR measurements from the average of the KICPCC measurements are listed
for each warhead.

There are a number of very interesting observations that can be made from
Table II. One is that although both short rod specimens from a given warhead
were also made from the material of a given precracked charpy specimen, there

is better agreement of the KIcSR s with the average KICPCC for the warhead
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than with the KICPCC of the particular charpy specimen from which the short
rods were made. This suggests that the toughness fluctuates rapidly with
position in the warhead sidewall, such that measurements taken only a few mm
apart are no better related than those from more widely separated locations.

The data scatter which can be expected in the toughness data is indicated
by the average standard deviation of 10.4% for the KICPCC values, as shown at
the bottom of Table II. The average standard deviation of the KIcSR measure-
ments was only 4.9%, but this is likely a fortuitous result due to the small
sample size. An important comparison is that of the standard deviations of
the KICPCC data with the standard deviations of all the data points for each
warhead (both KIcPCCIS and KIcSR'S)' It is seen that the standard deviation
of all data points is less than that ~f the KICPCC points for two of the
warheads, greater for two others, and the same for the last. The averages of
these two columns in Table II, 10.4% and 11.5%, show that the standard devia-
tions are little affected, on the average, by grouping the data from the two
types of toughness measurement. This, of course, is an indication of the
essential equivalence of the two measurement techniques. It should be noted
also that an independent study by Mulherin® has also shown a fracture tough-
ness data scatter in HF] warhead steel which is comparable to standard devia-
tions of 10-12% or more.

Two further indications of the essential equivalence of the KICPCC and
KICSR measurements are the nearly identical toughness ranges observed among

all the warheads (35.3 to 58.7 MPavm for K and 35.3 to 59.5 MPavm for

IcPCC
KIcSR)’ and the fact that the short rod measurements are well centered with
respect to the charpy measurements, i.e., there is no appreciable predominance
of Tow KIcSR measurements over high ones, nor vice-versa. These factors all
indicate good agreement of the charpy and short rod measurements, in spite of

the clouding effect of the rather large scatter in toughness values which

seems to be a characteristic of the HF1 warhead material.

-20-
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SPECIMEN SIZE EFFECT STUDIES

This phase of the program was designed to provide more data on the effect
of the specimen size on the value measured for the fracture toughness, KIcSR'
Previous work has indicated\little or no size effect, but these measurements
were made mainly on aluminum®*® and rock,!® whereas the primary interest here
is in the HF1 steel. Furthermore, it is known from theoretical considerations
that a minimum short rod diameter for a valid test must exist, and that the
minimum diameter should be proportional to (KICSR/Gys)Z’ where oys is the
yield strength in tension. The data of Reference 6 indicate that the minimum

diameter can be at least as small as 1.0 x (K /cys)2 for the 6061-T651

IcSR
aluminum of that study.

MATERIAL DESCRIPTION

The materials used for the size effect studies of this report were three
steels. One was 4340, and the other two were HF1 fragmentation steel taken
from the same original billet but heat treated to two different conditions.
The chemical compositions are given in Table IIl, while the heat treatments are
shown in Table IV. Table V lists the mechanical properties.

The 4340 steel was purchased in the form of a 25.4 mm thick plate. From
the plate, two strips were cut about 30 mm wide and 300 mm long, the Tength of
the strips being in the transverse rolling direction of the original plate.
The strips were then turned on a lathe into 25.4 mm diameter rods, 300 mm
long. One of the rods was cut into the 25.4 mm diameter specimen blanks, each
of which was 38.1 mm long. The 25.4 mm diameter specimens and the remaining
25.4 mm diameter rod were then heat treated, after which the 12.7 mm and

6.35 mm diameter specimens were machined from the second rod. All of the heat
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TABLE III - CHEMICAL COMPOSITION OF SIZE EFFECT STUDY STEELS

C Mn S Si Cr | Ni Mo Cu v Al
4340 .40 .77 | .010 | .015 ] .32 |.80}1.80 | .23 -- -- --
HF1 1.02 [ 1.75 | .012 | .009}{ .67 }.11] .03 | .03 .05 | .0041}.015
TABLE IV - HEAT TREATMENTS OF SIZE EFFECT STUDY STEELS
Material Heat Treatment
4340 843°C salt, oil quench, temper 427°C, 1 + 1 hr.
HF1-1 870°C 2 hr air, 843°C 1 hr, oil q., temper 565°C, 2 hr.
HF1-2 870°C 3 hr air, 843°C 1 3/4 hr, 0il q., temper 620°C, 3 hr.
TABLE V - MECHANICAL PROPERTIES OF SIZE EFFECT STUDY STEELS
Material Yield (.2%) Tensile Elong. R.A. Rc
MPa (ksi) MPa (Ksi) (%) %)
4340 1330 (193)* 1500 (220)* 11.% 36* 45
HF1-1 790 (115) 1100 (160) 1.9 1.4 38
HF1-2 580 (84.4) 990 (144) 11.9 6.1 33.5

-22_
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treatment was done on 25.4 mm diameter material before machining the final
diameters of the smaller specimens to assure that the thermal history at the
crack would be essentially the same for all the specimens. An objective of
the specimen fabrication procedure was to keep track of the material orienta-
tion throughout the machining and heat treating operations so that the tough-
ness would aiways be measured for the L-T crack orientation. Unfortunately,
the orientation was lost on two of the 6.35 mm 4340 steel specimens, and their
crack orientations were closer to S-T than to the desired L-T.

The HF1-1 and the HF1-2 materials were supplied already heat treated by
AMMRC in the form of plates about 200 mm square. The plates were all sliced
from a single 200 mm square bar of HF1 steel to assure uniform material prop-
erties. Three plates of HF1-1 were supplied, each 35 mm thick. The HF1-2
material consisted of three additional plates, each 60 mm thick.

In order to further assure uniformity of the short rod specimens, one of
the 200 mm plate dimensions was labeled the L direction and the other the T
direction; A1l of the L directions were the same relative to the original bar
of material from which the plates were sliced. The short rods were then
machined as L-T specimens (Figure 9). Furthermore, the specimens were ma-
chined such that the crack plane was never more than 30 mm from the center of
the L-dimension on the plate, and such that the crack would always be approx-
imately 50 mm from the edge of the plate in the T-direction when the KIcSR
measurement was made (See Figure 9).

The specimen sizes tested in each of the three size effect studies are

shown in Figure 10.

DATA AND RESULTS
4340 Steel: The test results are summarized in Table VI. It had been

planned to test six specimens of each size, but one of the 25.4 mm diameter
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Figure 9. Showing the location and orientation of the HF1 short rod specimens
relative to the supplied plates of material.

Figure 10. Specimen sizes of the three materials tested in the size effect
study. The largest specimen is HF1-2 material, 50.8 mm diameter.
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specimens was ruined in the preparation operations. The plasticities listed
in Table VI are a ﬁeasure of the degree to which the specimens deviated from
the ideal LEFM behavior during the tests. By using the analytical procedures
derived in Reference 4, the effects of plasticities up to a certain amount,
probably 0.2 or greater, can be accounted for in the data analysis. For a
given material, the plasticity should vary inversely as the specimen size.
However, the 12.7 mm diameter 4340 specimens showed an appreciably smaller
plasticity than the 25.4 mm specimens, which was a very surprising result.
Also, the 12.7 mm diameter specimens gave KIcSR values whfch averaged 13%
lower than those of the 25.4 mm specimens. Undoubtedly, the anomalously low
plasticities contributed to the Tower KIcSR readings of the 12.7 mm specimens.
The plasticities of the L-T oriented 6.35 mm diameter specimens were much
larger, as would be expected.

The orientation of two of the 6.35 mm diameter specimens relative to the
original rolling direction of the plate from which they were made was unfor-
tunately (and unknowingly) lost during fabrication. It happened that the
orientation of these two specimens was much closer to S-T than to the desired

L-T. It became apparent that something was wrong with one of the specimens

TABLE VI - 4340 SIZE EFFECT TEST RESULTS

No. of Spec. Dia Average Av. KICSR std.

Specimens (mm) Plasticity MPaym | ksiyin Dev.
5 25.4 .063 137.6 125.1 5.4%
6 12.7 .037 120.0 109.1 2.8%
4 6.35 .22 132.4 120.4




when it showed a plasticty of zero and a KIcSR of less than half as much as
some of the other specimens. By examining the fracture surfaces, it was
immediately clear that the crack orientation had been lost. Figure 11 shows a
photograph of the fracture surfaces of one of the two approximately S-T speci-
mens along side an L-T specimen. The specimen on the left, which gave the
lowest KICSR value, shows clearly that the rolling direction was approximately
in the plane of the crack. Thus, the orientation is approximately S-T.

In two of the four L-T 6.35 mm specimens, the crack exited to one side at
approximately the critical crack length, i.e., where the KICSR measurement is
taken. Thus, the data from these two may not be as significant as desired.
However, the KIcSR values obtained from these specimens are somewhat higher
than the others, which is probably why the crack exited to one side. Thus, to
omit these data could bias the average tooard a Tower KIC value, and thus they
are retained. Note that the standard deviation of the 6.35 mm data is rather
poor.

The average of the Kicsp dverages from the three specimen sizes is
130.0 MPA/m (118.2 ksiyin), and the standard deviation of the averages is
7.0%. If 130.0 MPa/m is taken as k.

icSR?
(Table V), then (KICSR/oyS)2 = 9.5° mm, and the 6.35 mm specimens had a dia-

and if the yield strength is 1330 MPa

meter of only B = 0.66(KICSR/UyS)?. This is significantly smaller than that

which had been considered to be the specimen size limitation, namely B 2
2 o e

(KIcSR/oys) . Thus, it is gratifying that the average KICsR from the 6.35 mm

diameter specimens is close to the uver-all average. On the other hand, the

12.7 mm specimens had a diameter ot B = 1‘33(KICSR/°ys)2' and yet gave KICSR

values which appear to be significantly lower than 25.4 mm results, inasmuch
as the standard deviations of the two specimen sizes do not overlap. Thus, it
seems unclear whether or not the present series of tests should be pronounced

size~independent.
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Figure 11. Magnified view of two of the 6.35 mm diameter 4340 tested spec-
imens. The horizontal markings on the fracture surfaces of the
specimen on the left show the rolling direction. The rolling
direction is perpendicular to the fracture suface in the spec-
imen on the right.

HF1-1 Steel: The fracture toughness measurement results are summarized
in Table VII. Two of the four original 25.4 mm diameter specimens gave in~
valid data because the crack failed to follow the chevron slots sufficiently
well. Also, the data from one of the 12.7 mm specimens was invalid.

As discussed in the section on data analysis, the HF1 material has the
crack jump behavior during the test, and thus several values of KICSR are
calculated and averaged to obtain the KICSR for each specimen. The average
number of crack jumps used to calculate the KICSR for each specimen is shown
in Table VII for the HF1-1 material. It can be seen that the average number

of crack jumps tends to decrease as the specimen size decreases.




TABLE VIT - HF1-1 SIZE EFFECT TEST RESULTS

Crack Jump Specimen
Spec. | Dia. KICSR Values Std. Av. KICsR Av. KIcSR for Std.
No. (mm) (MPaym) Dev. (MPaym) Spec. Size Dev.
25-1 25.4 28.1, 31.7, 3.7% 30.1
30.1, 29.7,
30.6, 30.7, 29.8 1.6%
30.0
25-2 25.4 29.8, 29.6, 2.2% 29.5
28.6, 29.2,
30.4
13-2 12.7 30.1, 29.3, 1.1% 29.7
29.8, 29.6,
29.7
13-3 12.7 32.2, 32.0, 8.7% 30.8 29.9 2.8%
32.0, 26.7
13-4 12.7 28.9, 30.3, 3.8% 29.2
29.6, 27.8,
27.8, 30.3
6-1 6.35 28.5, 271.7, 4.3% 28.8
29.9, 30.3,
27.6
6-2 6.35 29.0, 30.6 3.7% 29.8
29.2 1.8%
6-3 6.35 30.6, 29.5, o
28.4. 26.5 6.0% 28.7
6-4 6.35 29.8, 30.3,
28.7. 28.8 2.6% 29.4
From Table V and the average KIcSR of Table VII, we find that
(KICsR/oyS)2 =1.4mm, and that even for the 6.35mm specimens,

B =45 (KIc/oyS)z. Thus, it is not surprising that we observe good specimen

size independence in this material.
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HF1-2 Steel: The results of fracture toughness measurements of four
specimen sizes ranging from 50.8 mm to 6.35 mm are shown in Table VIII. The
average number of crack jumps per specimen was much less for this heat treat-
ment of the HF1 steel than for the HF1-1. This may partially account for the

5 larger standard deviations within the individual specimen sizes. Neverthe-
’ less, the average KICSR values from the various specimen sizes form an ex-
f; tremely good grouping with a standard deviation of only 1.0%. Considering
the rather large standard deviations within the 12.7 mm group and the 6.35 mm
group, the 1.0% figure must be in part fortuitous. Nevefthe]ess, it can
certainly be said that these data show no specimen size effect.

For this material, (KICSR/oyS)2 = 6.15 mm, such that the 6.35 mm speci-
mens had a diameter of B = 0.97 (KICSR/UyS)Z' Thus, the tentative criterion

of B 2 (KICSR/UyS)2 seems to have been sufficient in this case.
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TABLE VIIT - HF1-2 SIZE EFFECT TEST RESULTS

“rack Jump Specimen
Spec. Dia. KICSR Values Std. Av. KIcSR Av. KICSR for Std.
No. (mm) (MPaym) Dev. (MPaym) Spec. Size Dev.
51-1 50.8 44 .G, 46.2, 1.4% 45.5
45.5
51-2 50.8 43.9 - 43.9
45.6 2.7%
51-3 50.8 47.9, 45.5 3.5% 46.8
51-4 50.8 46.3, 46.0 0 5% 46.1
25-1 25.4 44.0, 48.5 6.9% 46.3
25-2 25.4 45 .3, 45.8 1.2% 44.9
45.1 3.9%
25-3 25.4 47.4, 45.7 2.8% 46.5
25-4 25.4 43.8, 41.6 3.7% 42.7
13-1 12.7 42.2 - 42.2
13-2 12.7 43.5, 38.8 8.1% 41.2 45.8 12. 0%
13-3 12.7 53.4 53.4
13-4 12.7 44.2, 48.3 6.3% 46.3
6-1 6.35 49.2, 47.4, 1.9% 48.2
47.9
6-2 6.35 49.2 - 49.2
46.2 9.3%
6-3 6.35 47.4 47.4
6-4 6.35 39.8 39.8
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DISCUSSION

In comparing short rod data with other fracture toughness data, it should
be kept in mind that the short rod makes high'y localized toughness measure-
ments. The width of the crack front is only about one-third of the specimen
diameter at the time of the KICSR measurement, and therefore the toughness
measurement is localized at about the central one-third the specimen diameter.
Thus, for the ultra-small short rod specimens, the toughness was measured
along a line in the material which was only about 2 mm long. The precracked
charpy specimens of this study, on the other hand, had a crack front width of
10.0 mm. The more highly localized fracture toughness measurements of the
ultra-small short rod specimens should prove an advantage in evaluating point-
to-point variations in toughness. The localized measurements can be an im-
portant design consideration, because a critical flaw may occur within locally
weak material, such that when it enlarges due to a local lack of toughness, it
may reach the critical flaw size for the surrounding tougher material. The
need for measuring the variability in toughness in HF1 steel has been stressed
by Bruggeman and Smith.” If the local toughness varies on a scale which is
smaller than the 10 mm crack front length of the charpy specimens, one might
expect limited agreement between the charpy specimens and the short rod spec-
imens made from them, as observed in the ultra-small specimen study. It would
appear important, however, to establish the toughness variability using the
shortest possible test crack front length. The factor of five reduction in
test crack front length offered by the ultra-small short rod specimen there-
fore seems to be a valuable asset in evaluating the integrity of the M549

projectile warhead.
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In the study of the ultra-small (6.35 mm diameter) short rod specimens of

HF1 material from aétua] M549 warheads, there are several indications that the

short rod measurements are essentially equivalent to the precracked charpy

measurements, in spite of the relatively large scatter in toughness data which

is a characteristic of this material.”® 8 These include the following obser-

1)

2)

3)

4)

vations:

The ranges of toughness values measured by the charpy and short rod
methods are nearly the same.
The addition of the K

data to the K data makes little dif-

IcSR IcPCC
ference in the standard deviations, on the average.

In comparing the short rod toughness measurements of each warhead
with the charpy measurements, the short rod averages are centered at
only 2.9% below the charpy averages, although there is considerable
scatter in the individual measurements.

The toughness rankings of the warheads by the charpy and short rod
methods are similar. The two rankings agree to within one rank
except for one warhead, where the difference is two ranks. Con-

sidering the toughness variability, the ranking agreement is prob-

ably as good as should be expected.

The short rod specimen size effect studies of HF1 material and the KIc Vs

KIcSR comparison studies provide two additional indications that the ultra-

small short rod data for warhead HF1 steel are accurate:

5)

6)

No specimen size effect was found for HF1l steels, indicating that
the ultra-small specimens provide the same average toughness values
as larger specimens.

Normal size short rod specimens of a number of materials, including

HF1 steel, showed consistently good agréement with KIc measurements
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made according to ASTM E 399. If normal size short rod measurements
agree with E 399 results, and if ultra-small short rod measurements
agree with normal size short rod measurements, then the ultra-small
short rod measurements of warhead material must give an accurate
prediction of what an E 399 measurement would be, if such a measure-
ment could be made on actual warhead material.

Thus, it appears clear that the short rod method is suitable for the measure-

ment of fracture toughness in actual HF1 warhead casing material.

In the specimen size effect study, it may be instructive to plot the
standard deviations found for each size group vs. the specimen diameter scaled
by dividing by (KIcSR/Gys)Z‘ In so duing, for example, the 6.35 mm specimens
of 4340 steel have a scaled diameter of 0.66, and should be plotted at (0.66,
10.9), inasmuch as the standard deviation of the KIcSRIS of that specimen
group was 10.9%. Figure 12 shows such a plot of all of the size effect data.
As can be seen, there appears to be a rough relationship between the standard
deviation and the scaled specimen diameter {dashed line). This may help to
explain the discrepancy between the KIcSR'S of the 25.4 mm and the 12.7 mm
diameter 4340 steel specimens. As mentioned previously, the standard devia-
tions of those two data sets do not overlap,and thus seem to indicate a size
dependence of the KICSR value between the 25.4 mm and the 12.7 mm specimens.
However, as can be seen from Figure 12, the standard deviation of the 12.7 mm
diameter specimens appears to be abnormally small, perhaps by chance. If the
standard deviation were 8% instead of 2.8%, as the data of Figure 12 seem to
indicate it should be, then the error flags on the 25.4 mm and the 12.7 mm
data would just overlap, and the indication of a size effect would be much

less pronounced, even if the average KIcSRlS remained the same.
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SUMMARY AND RECOMMENDATIONS

The comparison study of the ASTM E 399 method and the short rod method of
measuring fracture toughnesé showed a close correlation between the two tech-
niques. The study also served as a much better comparison calibration of the
short rod method than had been done before, and resulted in a calibration
shift in the same direction as was indicated by an experimental compliance
calibration® of the short rod specimen.

The techniques for fabricating and testing ultra-small (6.35 mm diameter)
short rod specimens were developed. However, the art of making the specimens
was initially much less than perfect, such that some of the 6.35 mm specimens
of the HF1 precracked charpy comparison study were poorly prepared. This
resulted in the loss of some data, and may have affected the reported data
somewhat. It seems to be a characteristic of the HF1 warhead material that
the toughness can vary appreciably over distances as small as a few mm. Thus,
fracture toughness measurements of a given warhead by either the precracked
charpy or the short rod method generally show an appreciable scatter, with
standard deviations averaging up to 12%. This clouds any comparison of the
two techniques based on only a few measurements. Nevertheless, several dif-
ferent aspects of the data of this study, when taken together, indicate con-
clusively that the ultra-small short rod fracture toughness measurements are
in good agreement with the precracked charpy measurements. Therefore, it is
recommended that the appropriate steps should be taken to adopt the simpler,
less expensive short rod method as the quality control standard for the Army's
fracture toughness testing of HF1 warhead material.

Specimen size effect studies were performed on 4340 steel and on two

different heat treatments of HF1 fragmentation steel to determire whether




o
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ultra-small specimens can be expected to produce essentially the same tough-
ness values as larger specimens. No specimen size effect was noted in either
of the HF1 materials, which are of primary interest to AMMRC. The data on the
4340 steel seem to be inconclusive. Considering the data from all three size
effect materials, a general trend toward a larger scatter in the KICSR values
was apparent as the specimen size was decreased.

Finally, the testing procedure and the data analysis in testing the
ultra-small HF1 specimens could be automated with the aid of a microprocessor
and the appropriate auxiliary equipment. This would allow routine quality
control measurements of KICSR to be made entirely by technician personnel.
Inasmuch as the Army has a need for such a quality control program, it is

recommended that the necessary equipment and software be developed and tested

on ultra-small HF1 specimens.
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APPENDIX A

Sample KICSR Calculations

The procedures used to calculate the values of KIcSR for the specimens
showing the crack jump behavior are outlined below, and a sample calculation
is given for HF1-2 Specimen No. 25-2.

The load-displacement plot for the specimen is shown in Figure A-1, and
‘the data analysis sheet appears in Figure A-2. A value for KICSR is calcu-
lated for each substantial crack jump which starts within the.compliance ratio
range of 0.25 < co/c < 0.60. A "substantial" crack jump is defined as one in
which the accompanying load drop is at least 2¥. The average value of KIcSR
calculated from a given test is used as the KICsR of the specimen. The KIcSR
values should be calculated as follows.

1. Draw the straight-line relaxation slope lines: The slope of each

straight-line drawn relaxation should be the same as the minimum

o

343

1 MOUTH OPENING

Figure A-1 Test record with data analysis constructions for HF1l-2
Specimen No.25-2
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slope on the actual relaxation Tload-dispiacement path. The

straight-]fne relaxations should be drawn through the point from
which the actual relaxation was started (see Figure A-1).

Calculate the slope ratios: Measure the angles, ¢,, ¢ ..., made by
the drawn straight-line relaxations and the displacement axis.
Also, measure the angle 0 between the initial elastic loading slope
and the displacement axis. Find the tangents of each of these
angles. Find the desired slope ratios of the drawn straight-line

relaxations by dividing the tangent of each angle, ¢., by the tan-

i

gent of the initial elastic loading angle, 0y The slope ratios,

ry, so calculated are the compliance ratio's, co/Ci’ since the

compliance is proportionai to the inverse of the elastic slope:
tan ¢/tan ¢, =1 = co/c.

The slope ratios are written at the tops of the drawn straight-line

slopes in Figure A-1.

Interpolate or extrapolate to estimate the unloading slope ratio r,

at the initiation of each substantial crack jump. Record the esti-

mated slope ratios that fall within the range 0.25 < r < 0.60 on the

data analysis sheet (Figure A-2).

For each recorded slope ratio, find the value of Ar from the graph

of Figure 5. Record the Ar's next to the corresponding slope ratios

on the data analysis form (Figure A-2).

Find the load F, at the initiation of each crack jump. Record the

loads next to the corresponding r and Ar values.

Note the hysteresis in 1load, AFH, at the mid-point of the actual

unloading-reloading cycle closest to each crack jump. Enter the AFH

values next to the corresponding r, Ar’ and F values.
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FRACTOMETER [] DATA ANALYSIS
CRACK JUMP CASE

SPECTMEN |~ sLoPE A o ¢ P AV COMMENTS
NO. RATIO, P r d”) ALy 3 test | Kiese ’
Y2 22,00 | £.4Y K1~ 453
252 l.oot 4¢.9
L3y |22.69 | .10 R74 44,6

[

aFy = HYSTERESIS OPENING
(:c - SPECIMEN CONFIGURATION CORRECTION FACTOR

1 32
Kiesk = Ar CclF - 3 8F,)/8

Figure A~2. Data Analysis Form

Enter the value of Cc on the data analysis form. Cc is a factor
close to unity which corrects for any slightly non-standard geometry
of the specimen in question. In the case of the specimen of this
illustration, the angle of the chevron V slot was 0.9° too small,
which required a Cc factor of 1.009. If all of the dimensions of
the specimen are within tolerance, Cc = 1.000.

Calculate KICSR = ArCC(F-%AFH)/B3/2 for each crack jump, and enter

on the data analysis form. B is the specimen diameter, and is equal

to 0.0254 m for the specimen of this illustration.
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